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Morphological Characterization of a Low-Bandgap
Crystalline Polymer:PCBM Bulk Heterojunction Solar Cells

Haiyun Lu, Bulent Akgun, and Thomas P. Russell*

Understanding the morphology of polymer-based bulk heterojunction (BHJ)
solar cells is necessary to improve device efficiencies. Blends of a low-
bandgap silole-containing conjugated polymer, poly[(4,4-bis(2-ethylhexyl)
dithieno[3,2-b;2’,3’-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothia-
diazole)-5,5"-diyl] (PSBTBT) with [6,6]phenyl-C61-butyric acid methyl ester
(PCBM) were investigated under different processing conditions. The surface
morphologies and vertical segregation of the “As-Spun”, “Pre-Annealed”,
and “Post-Annealed” films were studied by scanning force microscopy,
contact angle measurements, X-ray photoelectron spectroscopy, near-edge
X-ray absorption fine structure spectroscopy, dynamic secondary ion mass
spectrometry, and neutron reflectivity. The results showed that PSBTBT
was enriched at the cathode interface in the “As-Spun” films and thermal
annealing increased the segregation of PSBTBT to the free surface, while
thermal annealing after deposition of the cathode increased the PCBM

there have been advances in the synthesis
of novel low bandgap polymers and block
copolymers with tailored morphologies,
translating these advances to large scale
production mandates understanding the
morphology of the active layer developed
during processing, the relationship of the
morphology to device performance, and
routes to tailor the morphology to opti-
mize efficiency.'™ Controlling the mor-
phology is made even more challenging,
since the morphology of the active
layer is farremoved from equilibrium,
resulting from a competition between the
ordering of the photoactive polymer, the
phase separation of the components,
the rate of solvent evaporation, and the

concentration at the cathode interface. Grazing-incidence X-ray diffrac-
tion and small-angle neutron scattering showed that the crystallization of The
PSBTBT and segregation of PCBM occurred during spin coating, and thermal

mobility and interfacial segregation of the
components.>-°]

most-studied  donor-acceptor
combination for polymer solar cells

annealing increased the ordering of PSBTBT and enhanced the segregation is a blend of poly(3-hexylthiophene)

of the PCBM, forming domains ~10 nm in size, leading to an improvement in

photovoltaic performance.

1. Introduction

Bulk heterojunction (BHJ) organic photovoltaic (OPV) sys-
tems have attracted increasing interest due to their low-cost
and potential for highly scalable solution processing. How-
ever, achieving efficiencies in excess of 10% is an important
milestone in making OPV devices viable economically. While
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(P3HT) and [6,6]phenyl-Cq;-butyric acid
methyl ester (PCBM), solution cast from
1,2-dichlorobenzene (o-DCB), where sub-
sequent thermal annealing at temperatures
well below the melting point of P3HT signif-
icantly improves device performance.”! The improved perform-
ance has been attributed to an improvement in the molecular
ordering of P3HT within nanoscopic domains in the active
layer,®°! enhanced separation of the components leading to
phase purity, and preferential segregation of components to the
anode and cathode interfaces.'”) Scanning probe microscopy
(SPM) techniques, including scanning force and Kelvin-force
microscopies,'13 near-edge X-ray absorption fine structure
analysis (NEXAFS)!1%1413] have been used to study the surface
structure and morphology of the active layer. Synchrotron-
based hard X-ray techniques, including grazing incidence
X-ray diffraction (GIXD),#%16-1% grazing incidence small angle
X-ray scattering,?”l resonance soft X-ray scattering (RSoXS),?!
NEXAFS analysis,['*141*] and scanning transmission X-ray spec-
tromicroscopy??l have been used to characterize the ordering,
orientation and phase behavior of the components near the sur-
face and within the interior of the active layer.

The spatial distribution of the components normal to the
film surface and the segregation of the components at the elec-
trode interfaces in BHJ blend films is crucial to the charge gen-
eration and transport processes, and has received increasing
attention, since the first report on vertical segregation in a
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semiconductor blend film of poly(9,9"-dioctylfluorene-co-bis-
N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine)
and poly(9,9”-dioctylfluoreneco-benzothiadiazole) studied by
SPM.[2l Through the use of variable-angle spectroscopic ellip-
sometry, Campoy-Quiles and co-workers obtained the vertical
composition profiles of P3HT/PCBM blends on a hydrophilic
substrate, where the as-cast film showed an enrichment of
PCBM and P3HT at the film/substrate and film/air interfaces,
respectively, and thermal or solvent vapor annealing increased
the segregation.?! On the basis of a lift-off sample prepara-
tion and X-ray photoelectron spectroscopy (XPS), Yang and co-
workers also reported the vertical phase separation in P3HT/
PCBM BHJs.?l Recently, low-impact energy secondary ion
mass spectrometry has been used to study the polymer-metal
interface and the composition profiles normal to the film sur-
face in P3HT/PCBM BH] devices, where large gradients in
the composition of P3HT and PCBM were found within the
active layer, with a cathode/BH]J interface that was enriched in
P3HT.2%

Due to the large natural contrast between PCBM and semi-
conductor polymers like P3HT, neutron reflectivity (NR), with
a spatial resolution of a nanometer or less, has been used to
characterize the vertical distribution of PCBM in the BH]J active
layers.*’-2°l PCBM was found to concentrate at the substrate
interface and near but not at the air interface where the alu-
minum counter-electrode was deposited.

While many techniques are now being used to probe the
structure and morphology of the active layer in OPVs, the
highly non-equilibrium nature of the morphology, the com-
plexities introduced by solvent evaporation in the development
of the morphology, and differences in the characteristics of the
P3HTs used in the different studies have given rise to incon-
sistencies in the description of the structure and morphology
in OPV active layers. In addition, the structure of the active
layer adjacent to the electrode interfaces can be markedly dif-
ferent from that found in the interior of the active layer and will
also be strongly dependent upon whether thermal annealing is
done prior to (“Pre-Annealed”) or after (“Post-Annealed”) the
deposition of electrodes. Only a few studies on morphological
characterization of the annealed devices were performed in
the presence of an Al electrode.?®3%-32 Tt has been found that
thermal annealing in the presence of an Al electrode reduces
the preferred orientation of P3HT and Al diffuses into the
organic films to form intermediate thin gradient layer.30-32
By removing Al electrode after post-annealing, Ohkita and co-
workersP®®l and Chen et al.®% measured the surface composi-
tion of the P3HT/PCBM solar cell blends by XPS and NEXAFS,
demonstrating a surface segregation of PCBM at the cathode/
active layer interface induced by post-annealing.

In this work, we systematically investigated the morphology
of blends of PCBM with a silole-containing low-bandgap
polymer, poly[(4,4"-bis(2-ethylhexyl)dithieno[3,2-b:2’,3"-d]silole)-
2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5’-diyl]
(PSBTBT). It has been shown that this polymer is highly crys-
talline and has improved charge transport properties, reduced
bimolecular recombination, and a reduced formation of charge
transfer complexes when blended with a fullerene deriva-
tive.3*37I The solar cells based on blends of PSBTBT and [6,6]
phenyl-C71-butyric acid methyl ester (C,,-PCBM) prepared
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by doctor blading have efficiencies of 5.2%.3% Processed
with chloroform instead of 0-DCB, an efficiency of 5.6% was
achieved with the same materials by Yang and co-workers.l*”]
Other silole-containing low-bandgap polymers, like poly|[(4,4-
didodecyldithieno[3,2-b:2",3"-d]silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (Si-PDTBT) also showed promising
solar cell performances.l*!

Here, PSBTBT and its blends with PCBM were used as
models for understanding the active layer in OPV devices
based on low-bandgap conjugated polymers under different
processing conditions. To provide insight into the performance
of these mixtures in actual devices, experiments were performed
on thin films on substrates coated with a layer of poly(ethylen-
edioxythiophene):polystyrene sulfonate (PEDOT:PSS). Thermal
annealing was done prior to (“Pre-Annealing”) and after (“Post-
Annealing”) the deposition of Al cathodes, mimicking the real
solar cell structures. The surface morphologies, compositions,
and molecular orientation of the “As-Cast”, “Pre-Annealed”, and
“Post-Annealed” thin films were studied with scanning force
microscopy (SFM), contact angle measurements, X-ray photo-
electron spectroscopy (XPS), and near edge X-ray absorption
fine structure (NEXAFS) spectroscopy. The vertical segrega-
tion of the blend films was investigated by dynamic secondary
ion mass spectrometry (DSIMS) and neutron reflectivity (NR).
In addition, grazing incidence X-ray diffraction (GIXD) was
used to study the ordering of the PSBTBT in the films under
different treatments. Small angle neutron scattering (SANS)
was used to investigate the uniformity in the distribution and
degree of mixing between the two components in the plane
of the film. The diffusion of PCBM in PCBM/PSBTBT bilayer
films was studied by NR and DSIMS.

2. Results and Discussion

2.1. Device Performance

The bandgap and the highest occupied molecular orbital
(HOMO) energy levels of PSBTBT and PCBM were measured
by UV-vis absorption and ultraviolet photoelectron spectroscopy,
from which the energy diagram was determined (see Supporting
Information Figure S1). The configuration of the photovoltaic
device based on PSBTBT:PCBM blends is schematically shown in
Figure 1A. Figure 1B shows the representative current density—
voltage (J-V) curves for the “As-Cast’, “Post-Annealed” and
“Pre-Annealed” devices under dark and AM1.5G illumination.
The “Post-Annealed” device did not show an obvious change in
open-circuit voltage (Voc) but did increase the short-circuit cur-
rent (Jsc) and improve the fill factor (FF). However, after “Pre-
Annealing”, both the Vo and FF of the device were decreased,
and the power conversion efficiency (PCE) decreased by 18% in
comparison to the “As-Cast” devices. Table 1 lists some of the
photovoltaic characterization data for the “As-Cast” devices and
devices “Post-Annealed” at 150 °C for different times. A brief
annealing at 150 °C improved the Jsc and FF, and consequently,
the PCE. The PCE reached a maximum when the device was
“Post-Annealed” at 150 °C for 1 min. With further annealing
the Jsc, FF and PCE dropped significantly. After 20 minutes of
annealing, the PCE was even lower than that of the “As-Cast”.

Adv. Energy Mater. 2011, XX, 1-9
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Figure 1. (A) Schematic of the PSBTBT:PCBM-based solar cell devices.
(B) The current density—voltage curves of the “As-Cast”, “Pre-Annealed”,
and “Post-Annealed” PSBTBT:PCBM solar cells at dark (open symbols)
and under AM 1.5G irradiation (filled symbols). The annealing condition
for both the “Pre-Annealed” and “Post-Annealed” samples is at 150 °C
for 1 min.

The photovoltaic performance of the devices at other “Post-
Annealing” temperatures were also measured which showed
similar dependences on the annealing time.

2.2. Surface Morphology and Properties

Device performance is related to the morphology of the active
layer. From SFM images (Supporting Infor-
mation Figure S2) the surface rms rough-
ness of the “As-Cast” film was ~5 nm, while
the phase image showed features ~10 nm
in size. “Pre-Annealing” not only increased
the surface roughness to ~7 nm, but also
gave rise to aggregates, 50-80 nm in size.
“Post-Annealing”, on the other hand, sup-
pressed aggregation at the surface, showing
an rms roughness ~5.4 nm, close to the
“As-Cast” one. Comparing the SFM images
of the “Post-Annealed” samples before and
after removing Al, we did not see signifi-
cant effect of the Al removal by CuCl, solu-
tion on the surface morphology. We realized
the glass transition temperatures (T,) of the
materials is important for understanding the

PSBTBT
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Table 1. Photovoltaic Characterization Data for PSBTBT:PCBM-based
Solar Cell Devices.

Treatment PCE [%] Voc V] Jsc [mA cm™? FF [%]

As spun 4.27+0.16 0.59+0.01 149+0.4 48.8+13
150 °C, 5 sec 491+0.14 0.61+0.01 15.3£0.5 52.8+1.3
150 °C, 30 sec 5.03 £0.05 0.59+0.01 15.8£0.2 536+ 1.1
150 °C, 1 min 5.17 £0.09 0.60 +0.01 16.4£0.3 52.8+0.9
150 °C, 5 min 4.61+0.13 0.59+0.01 15.7+£0.4 49.4+13
150 °C, 10 min 4.19+0.41 0.58 £0.01 15.1+£0.9 473+%27
150 °C, 20 min 3.73+£0.30 0.60+£0 141+0.4 442+29

Voe, Jsc, FF, PCE represent open-circuit voltage, short-circuit current density, fill
factor and power conversion efficiency, respectively. The errors in Table 1 represent
the “standard deviation” calculated from the results of more than 20 devices.

morphological changes upon thermal annealing. We have used
differential scanning calorimetry to measure the T, or melting
point (T,,) of the pure PSBTBT, but did not see any glass tran-
sition or melting or crystallization during several heating and
cooling cycles from —100-380 °C (PSBTBT decomposes at tem-
peratures above 400 °C based on thermogravimetric analysis).
Water contact angles were used to evaluate the surface prop-
erties of the films (Figure 2). The pure PSBTBT film surface
is hydrophobic, giving rise to a contact angle of 104.3°, while
the surface of the PCBM film is hydrophilic, with a contact
angle of 50.6°. The static water contact angle of the “As-Spun’
blend film was slightly lower, but very close to that of the pure
PSBTBT film, indicating that the surface was richer in PSBTBT
than PCBM after spin coating. This is understandable, since
PSBTBT has a lower surface energy than PCBM. After “Pre-
Annealing” at 150 °C for 1 min, the contact angle of the film
surface increased slightly. Increasing the “Pre-Annealing” time
to 10 min further increased the contact angle to 103.6° (image
not shown), which indicated that “Pre-Annealing” enhanced
the surface concentration of PSBTBT. For the “Post-Annealed”
sample, after removal of the Al, the contact angle significantly
decreased due, more than likely, to the diffusion of PCBM to
the interface. This segregation of the PCBM to the cathode/
active layer interface is beneficial for device performance, since

104.3° PCBM 50.6°

102.1° 102.8° 78.2°

Blend: pre-anneal, 150 °C, 1 min Blend: post-anneal, 150 °C, 1 min

Figure 2. Optical images of static water contact angles on the surfaces of the pure PSBTBT,
pure PCBM, and PSBTBT:PCBM blend films under different treatment conditions.
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this increases the charge transport to the Al electrode. However,
if the film was “Post-Annealed” for longer times, e.g. 10 min,
the contact angle increased to 87.8°. This correlates well with
the device performance results where short annealing times
improved the device performance but longer annealing times
degraded the performance. XPS results showed that for the “As-
Spun” blend film, PSBTBT was richer at the free surface than
at the PEDOT:PSS interface and “Pre-Annealing” increased the
concentration of PSBTBT at the free surface (Supporting Infor-
mation Figure S3).

The molecular orientation at the interfaces is particularly
important for charge transport and collection at the electrodes.
NEXAFS was used to assess molecular orientation and chem-
ical composition near the surface and the results indicated that
there is more “edge-on” orientation than “face-on” structure in
the first 10 nm from the surface of the films (see Supporting
Information Figure S4). “Pre-Annealing” did not show obvious
changes in the electron yields in comparison to those of the “As-
Spun” sample, indicating that “Pre-Annealing” did not change
the molecular orientation near the surface.

2.3. Depth Profiles

The distribution of the two components in the PSBTBT:PCBM
blends as a function of depth in the active layer was studied by
DSIMS. To differentiate PSBTBT and PCBM, deuterated PCBM
was used in the blend. Figure 3 shows the DSIMS profiles of
the “As-Spun”, “Pre-Annealed”, and “Post-Annealed” blend
samples. Within the blend film, the deuterium (D) signal was
used as a marker for the PCBM and silicon (Si) for PSBTBT.
By the time the ion beam has etched through the layer of PS,
a steady-state sputtering rate was achieved. The sharp increase
in the D and Si signals marks the surface of the blend film. All
the samples showed a uniform distribution of D and Si in the
center of the film. However, the “As-Spun” film showed higher
concentration of PSBTBT at the surface than in the bulk, and
there was a slight depletion of PCBM at the surface. The “Pre-
Annealed” sample showed similar behavior to the “As-Spun”
film and the enrichment of PSBTBT and depletion of PCBM
at the surface were increased upon annealing. However, “Post-
Annealing” made the distribution of components in the film
more uniform, increasing the concentration of PCBM at the
cathode interface, which is in good agreement with the contact
angle measurements. In addition, “Post-Annealing” increased
the concentration of PSBTBT at the active layer/PEDOT:PSS
interface slightly. It should be noted that segregating the donor
at the anode and acceptor at the cathode interfaces in OPV
devices is beneficial for charge transport and collection, and, as
such, “Post-Annealing” led to better device performances.

NR, due to the high contrast of PCBM with PSBTBT and
the high spatial resolution, can provide a more detailed
description of the distribution of components normal to the
surface. Figure 4A shows the NR profiles for an “As-Spun’
PSBTBT:PCBM film coated on PEDOT:PSS layer surface, along
with the film that has been thermally annealed at 150 °C for
1 min. The “As-Spun’ and “Pre-Annealed” films have very
similar NR profiles. The scattering length density (SLD) pro-
files, derived from model fits to the data, are shown in the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. DSIMS profiles for PSBTBT:PCBM blend systems: (A) “As-
Spun”, (B) “Pre-Annealed” at 150 °C for 1 min, and (C) “Post-Annealed”
at 150 °C for 1 min followed by removal of Al electrodes.

inset of Figure 4A, where the sharp increase at z = ~6 nm cor-
responds to the native oxide layer on the Si substrate and at
z = ~138 nm to the air/active layer interface. In the “As-Spun”
film the layer located at z = ~7.5-44 nm is the PEDOT:PSS film
with an SLD of ~1.8 x 10~ A2, and the thin layer closest to the
PEDOT:PSS layer (at z = ~44—58 nm) corresponds to the active
layer having ~28% PCBM by volume. The bulk of the “As-Spun’
active layer had ~57.4% PCBM, which is close to the volume
ratio of the two components (53% PCBM and 47% PSBTBT by
volume). Near the air/active layer interface, the concentration
of PCBM decreased abruptly, showing a PCBM depletion layer

Adv. Energy Mater. 2011, XX, 1-9
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Figure 4. NR profiles of (A) Si/PEDOT:PSS/PSBTBT:PCBM films and
(B) Si/PSBTBT:PCBM/AI films. The insets are the corresponding profiles
of SLD as a function of z (where z = 0 is the Si wafer).

of ~8 nm. “Pre-Annealing” slightly increased the thickness of
this depletion layer to 9 nm, but did not change the distribution
in the bulk. This is quite similar to the DSIMS results. After
annealing, the diffuse interface between the active layer and
PEDOT:PSS layer with an rms roughness of ~7.2 nm, along
with the increase in SLD for the PEDOT:PSS layer, indicated
that 6% PCBM by volume diffused into the PEDOT:PSS film
upon annealing.

The “Post-Annealed” sample, on the other hand, showed
markedly different NR and SLD profiles (Figure 4B). In this
sample, to simplify the fitting procedure, we did not use the
PEDOT:PSS layer, and spin coated the active layer directly
on UV-ozone-treated Si substrate, followed by evaporation of
an Al electrode on top. The layer located at z = ~10-110 nm
corresponded to the active layer, where the two components
distributed more uniformly than that in the “As-Spun” and
“Pre-Annealed” samples. The drop in the SLD at the substrate
suggests a depletion of PCBM (~3.8-nm thick) at the substrate.
The layer located at z = ~110-160 nm was ascribed to the alu-
minum oxide layer. The rough interface between the active
layer and the cathode (rms roughness ~7.7 nm) indicated the
diffusion of Al into the active layer during thermal annealing,
which is consistent with the SIMS results on P3HT/PCBM

Adv. Energy Mater. 2011, XX, 1-9

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advenergymat.de

system.l?®l The interdiffusion between Al and the active layer
was also confirmed by high-resolution transmission electron
microscopy (HRTEM) image as shown in Supporting Informa-
tion Figure S5. Comparing the results obtained by DSIMS to
those by NR, they are not exactly the same. This is understand-
able since DSIMS probes a small lateral area (a few square
microns) while NR averages over a relatively large area (3 cm x
4 cm).

2.4. Studies on the Ordering of PSBTBT

GIXD, below and above the critical angle of the active layer but
below that of the Si substrate, was used to study the ordering
of PSBTBT. Measurements on the “As-Spun’, “Pre-Annealed”,
and “Post-Annealed” films were taken at incidence angles of
0.14° and 0.20°, probing the top ~10 nm and entire thickness
of the blend samples, respectively. A representative 2D GIXD
image of the “As-Cast” sample at incidence angle of 0.14° is
shown in Supporting Information Figure S6, showing strong
scattering in the out-of-plane direction. Figure 5A compares
the GIXD profiles for “As-Spun’ and “Pre-Annealed” blend

1(100) d-spacing: 18 A
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Figure 5. (A) GIXD profiles for PSBTBT:PCBM blend films of “As-Spun”
and “Pre-Annealed” at 150 °C for 1 min with different incidence angles.
(B) GIXD profiles for PSBTBT:PCBM blend films at incidence angle of 0.14°.
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films at different incidence angles. The strong diffraction peaks
at g = 0.35 A™! (d = 17.95 A) are attributed to the (100) crystal
planes of PSBTBT that are oriented normal to the sample sur-
face, while the (010) crystal planes, corresponding to the m-n
stacking of adjacent PSBTBT chains, located at g = 1.7 A™ (d =
3.7 A), are oriented in-plane. This crystal orientation arises from
n “edge-on” orientation of the PSBTBT conjugated planes with
the PSBTBT long axes in plane. The peaks at 1.3 A~! were attrib-
uted to interferences from PCBM. No significant difference in
the degree of ordering or orientation was observed at the dif-
ferent incidence angles, but a slight increase in the intensity of
the (100) reflection at a 0.14° incidence angle, indicating a higher
degree of ordering or orientation of the PSBTBT at the surface.

The effect of different annealing procedures on the ordering
of PSBTBT was compared at 0.14° incidence angle in Figure 5B.
A well-ordered structure was observed in the “As-Spun” film,
which indicated that ordering of the PSBTBT occurred during
solvent vapor evaporation. Compared with the “As-Spun’
sample, “Post-Annealing” at 150 °C for 5 sec decreased the
intensity of (100) peak and after 1 min of “Post-Annealing”
the intensities of both the (100) and (010) peaks increased. For
the “Pre-Annealed” samples, annealing at 150 °C for 5 sec and
1 min enhanced the (100) reflection significantly. The spacing
of the (100) plane also increased by 0.7 A. The results showed
that annealing without Al confinement increased the ordering
of PSBTBT near the film surface, while annealing under Al
confinement did not improve the ordering at the surface sig-
nificantly. This is in good agreement with the literature studies,
in which annealing in the presence of an Al layer on top of the
P3HT:PCBM layer restricts the crystal growth and reduces the
preferential orientation at the cathode interface, which can be
attributed to the Al inter-diffusion.!

The sizes of PSBTBT crystallites in the blend films were cal-
culated using the Scherrer equation,*” based on the full width
at half maximum of (100) reflections, and a comparison of
the different samples at different incidence angles is given in
the Supporting Information Table S1. For the “Pre-Annealed”
sample, the size of PSBTBT crystallites near the surface
increased in comparison to the “As-Spun” film and increased
with increasing annealing time. There were no significant
changes observed within the bulk of the samples. For the
“Post-Annealed” sample, the crystal size at the surface did not
increase initially but increased after 1 min, and the size of the
crystallites in the entire film increased after “Post-Annealing”.
Based on the GIXD results, “Pre-Annealing” improved the
ordering of (100) planes of PSBTBT at the surface, while “Post-
Annealing” improved the ordering in the bulk. It is worthwhile
to note that, with longer annealing times for both the “Pre-
Annealed” and “Post-Annealed” samples, the ordering of the
PSBTBT in the blends decreased which directly relates to the
poorer device performance.

2.5. Small Angle Neutron Scattering (SANS)

SANS provides an ideal means of investigating the size scale of
nanoscopic heterogeneities and assessing the uniformity in the
distribution and degree of mixing between the two components.
Films were spin coated onto silicon wafers that were pre-coated
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Figure 6. SANS profiles of the PSBTBT:PCBM blend films.

with a layer of PEDOT:PSS. For the “Post-Annealed” samples,
annealing was performed after depositing the Al cathode layer
and measurements were carried out without removing Al owing
to the transparency of Al to neutrons. 10 identical samples were
stacked together to provide sufficient sample volume to observe
the scattering. A plot of the intensity (I(g)) as a function of the
scattering vector (q) for the “As-Spun” and annealed solar cell
mimics is shown in Figure 6. The SANS profiles are charac-
terized by a minimum at g = ~0.07 A, followed by a weak
maximum at g = ~0.1 A~!, corresponding to a ~6.3 nm spacing
characteristic of density correlation and, therefore, phase struc-
ture in the plane of the film. Unlike P3HT:PCBM mixtures,??
the PSBTBT:PCBM mixtures showed strong scattering even
for the “As-Spun” film. From the GIXD results, PSBTBT crys-
tallizes during the spin coating process, and the SANS results
show that the ordering of the PSBTBT has forced a segregation
of the PCBM to the grain boundaries between ordered PSBTBT
domains, forming a multidomained system. In comparison to
the “As-Spun” sample, the “Pre-Annealed” sample showed a
slight increase in the scattered intensity, indicating a slight puri-
fication of the domains; and a slight shift in the maximum to
higher ¢, indicating a reduction in the domain size which is in
keeping with a further “demixing” of the PSBTBT and PCBM.
The “Post-Annealed” sample, annealed under the same condi-
tion, showed an even higher intensity than the “Pre-Annealed”
sample and, with further annealing for 30 min, no increase in
the scattered intensity was observed.

2.6. Effect of Solvent Evaporation Speed

As mentioned above, the crystallization of PSBTBT and diffu-
sion of PCBM away from the growth front occur during the
solvent evaporation process, thus, the speed of the solvent
evaporation must impact the ordering of the polymer and
the segregation properties of the blend films. The “fast” dried
sample was prepared by drop casting a blend solution at 80 °C
open to the atmosphere, and the “slow” grown sample was
kept at room temperature in a sealed jar with a small hole in
the lid, allowing the solvent to slowly evaporate. As shown in
Figure 7A, the rapidly dried film showed quite weak absorp-
tion for PSBTBT and the thermal annealing procedure did not
lead to much improvement. While for the slowly dried film,
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Figure 7. (A) UV-Vis absorption spectra and (B) X-ray diffraction pro-
files of PSBTBT:PCBM blend (weight ratio 1:2) films prepared by drop
casting with fast and slow drying. The “annealed” samples were thermally
annealed at 150 °C for 10 min.

the absorption peaks for PSBTBT at 690 and 760 nm were
quite strong, and annealing significantly increased the 77
interaction peak at 760 nm.

The ordering of the PSBTBT in the fast and slow evapora-
tion conditions was compared by X-ray diffraction (Figure 7B).
The rapidly drying film gave rise to rather weak diffraction peak
associated with the (100) crystalline plane and annealing was
seen to enhance the ordering. However, for the film prepared
under the slow evaporation conditions, the (100) reflection was
much stronger and thermal annealing was seen to improve the
ordering. It has been reported that by processing with higher
boiling point solvent or spin coating at a lower spinning speed
to reduce the solvent evaporation rate, more highly ordered
materials can be obtained due, primarily, to the enhanced
molecular mobility.?#*#2 Doctor blading was also used to pre-
pare PSBTBT:PCBM thin films, and the results showed that the
sizes of the PSBTBT crystals were ~2 nm larger than those of
the spin-coated films, which might also be ascribed to the sol-
vent evaporation speed.

2.7. Diffusion of PCBM within PCBM/PSBTBT Bilayer Films

It has been suggested that the increase in performance for
P3HT:PCBM BH]J solar cells upon thermal annealing is due to
crystallization of disordered P3HT, resulting in the diffusion
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of PCBM out of the polymer matrix thereby forming efficient
charge transport pathways between the electrodes.*3] Recently,
DSIMS studies on the interdiffusion between PCBM and P3HT
in P3HT/PCBM bilayer films revealed that even mild annealing
caused significant interdiffusion of both materials, showing that
under no conditions do pure amorphous phases exist in BH]J
or annealed bilayer devices.***! In this work, NR was used to
study the diffusion of PCBM within the bilayer films of PCBM/
PSBTBT. For preparing the bilayer films, PCBM and PSBTBT
films were first spin coated onto Si substrates separately, and
after drying overnight, the PSBTBT film was then floated onto
the surface of water, then retrieve with a PCBM-coated Si sub-
strate, forming a bilayer of PCBM/PSBTBT on the substrate.
After removing the water trapped between the two layers in a
vacuum oven at room temperature, the samples were annealed
at elevated temperatures for different times.

Figure 8A shows the NR profiles for PCBM/PSBTBT bilayer
films under different heating treatments. The as-cast film
showed well-defined Kiessig fringes, characteristic of the thick-
ness of PCBM layer. As the sample was annealed, the number
and amplitude of the fringes decreased significantly, indicating
the thinning of the PCBM layer and the roughening of the
interface between PCBM and PSBTBT layers.

-i € As-cast
] O 150°C, 5sec
1 A 150 °C, 1 min
1 150 °C, 5 min
1
3 ]
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Q E
& 3
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Figure 8. (A) NR profiles for the PCBM/PSBTBT bilayer films (without
“Pre-Annealing”) under different annealing conditions. The solid lines
indicated the best fits for the reflectivity profiles. (B) The corresponding
SLD profiles as a function of z (where z =0 is the Si wafer).
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The reflectivity profiles of different samples were fit using
a two-layer model, giving rise to the SLD profiles shown in
Figure 8B. The sharp interface between the two layers indicates
that there was no interdiffusion between PCBM and PSBTBT at
room temperature. The diffuse SLD profile at the air/polymer
interface is due to the roughness of the PSBTBT film surface
during the floating and transfer procedures. After the samples
were annealed at 150 °C for only 5 sec, the SLD of the polymer
layer increased by 36%, indicating the diffusion of PCBM into
the PSBTBT layer and uniform distribution within the PSBTBT
layer (see DSIMS results in Figure S7). The SLD of the polymer
layer increased further as the sample was annealed for 1 min,
and did not show obvious changes after 5 min, suggesting a sat-
uration of PCBM in the PSBTBT. The volume fraction of PCBM
in the PSBTBT layer was estimated from the SLD to be 0.19. The
slight increase in the SLD of the PCBM film upon annealing at
150 °C can be attributed to a densification of the PCBM. The
diffusion behavior of PCBM within the PCBM/PSBTBT bilayers
is quite similar to that seen in the PCBM/P3HT system where
PCBM was seen to rapidly diffuse into the amorphous regions
of P3HT without perturbing the ordering of P3HT.246]

3. Conclusions

In this work, we used a broad range of techniques to investi-
gate the morphologies of PSBTBT:PCBM blend films to mimic
actual devices. Similar to results on P3HT, an enrichment of
PSBTBT and depletion of PCBM at the free surface is found in
the “As-Spun” PSBTBT:PCBM blend films. Thermal annealing
in the absence of Al cathodes increased this segregation, while
annealing after the deposition of the Al cathode led to an
increase in the concentration of PCBM at this interface. This
segregation of components to the interface directly correlated
with the device performance. GIXD and SANS studies showed
that the ordering of the PSBTBT and segregation of PCBM
occurred during solution casting, and a “Post-Annealing”
increased the ordering of PSBTBT and enhanced the segrega-
tion of PCBM, forming domains ~10-nm in size, which also
contributed to improving device performance. Studies on PCBM
diffusion within PCBM/PSBTBT bilayer films by NR provided
evidence that PCBM can only diffuse along the PSBTBT crystal-
line grains and aggregated or dispersed within the disordered
regions of the polymer.

4. Experimental Section

Poly[(4,4"-bis (2-ethylhexyl)dithieno[3,2-b:2’,3"-d]silole)-2,6-diyl-alt- (4,7-
bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5"-diyl] (PSBTBT) and phenyl-
C61-butyric acid methyl ester (PCBM) were provided by Konarka Inc.’]
Both PSBTBT and PCBM were dissolved in 1,2-dichlorobenzene (0-DCB,
99%, Sigma-Aldrich)*l'in a 1:1.5 (12 mg mL™": 18 mg mL™") wt ratio.
The solution was stirred at 80 °C for 2 days to make the two components
completely dissolved followed by filtering with 0.45 um syringe filters.
The hot solution was then spin coated onto indium tin oxide (ITO)/
glass substrates pre-coated with a 35-nm-thick layer of PEDOT:PSS [p
oly(ethylenedioxythiophene):polystyrene sulfonate, CLEVIOS™ PH
500].471 The thickness of the active layer was ~104 nm, as determined
by an Alpha-step IQ Surface Profiler (KLA-Tencor Corporation).*’]
A 100 nm thick Al electrode was then thermally evaporated onto the
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surface of the active layer under high vacuum (1.5 x 107 Torr) using a
thermal evaporator. The active area of the device was ~0.06 cm? for all
the devices measured in this work. The devices were thermally annealed
before or after deposition of the cathode, termed “Pre-Annealing” or
“Post-Annealing”, respectively. Device characterization was performed in
an N, atmosphere under simulated AM1.5G irradiation (100 mW cm)
using a xenon lamp-based solar simulator (Newport 91160 300-W Solar
Simulator).[*’}

For structural characterization, the blend films were prepared
on Si substrates pre-coated with a PEDOT:PSS layer, denoted as Si/
PEDOT:PSS/PSBTBT:PCBM. For preparation of the “Post-Annealed”
samples, the Al electrodes were removed with CuCl, solution (0.2 M)
after thermal annealing. The surface was then repeatedly rinsed with
ethanol and distilled water. For the SANS and NR measurements, the Al
layer on the “Post-Annealed” samples was not removed.

GIXD measurements were performed at the Advanced Light
Source, Lawrence Berkeley National Laboratory, Berkeley, CA. SANS
measurements were performed at General-Purpose Small-Angle
Neutron Scattering Diffractometer CG-2 beam line at High Flux Isotope
Reactor (HIFR) at the Oak Ridge National Laboratory, Oak Ridge, TN.
NR experiments were performed at Magnetism Reflectometer BL-4A
beam line at Spallation Neutron Source (SNS) in Oak Ridge National
Laboratory, Oak Ridge, TN.

DSIMS measurements were performed on the Physical Electronics
6650 Quadrupole Secondary lon Mass Spectrometry System at the
University of California, Santa Barbara. To establish a constant sputtering
rate, a 30-nm-thick film of polystyrene (PS) was placed on the top of the
samples.[*¥ The film was prepared by spin coating toluene solutions of
PS onto a Si substrate. The thin PS film was then removed from the
substrate by floating onto water and picked up on top of the samples.
The samples were dried at room temperature under vacuum to remove
residual water.

UV-Vis absorption spectra were recorded with a UV-3600 UV-VIS-NIR
Spectrophotometer from Shimadzu Corporation.*’] The contact angle
measurements were performed by the static Sessile drop method on an
OCA20 Interfacial Tension Measuring Device (Future Digital Scientific
Co.).l*%)

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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